High-resolution gas phase spectroscopy techniques in the microwave, millimeterwave and terahertz spectral ranges can be used to study complex organic molecules desorbed from interstellar ice analogues surface with a high sensitivity. High-resolution gas phase spectroscopy gives unambiguous information about the molecular composition, the molecular structure, and transition frequencies needed for their detection by radio telescopes in various interstellar and circumstellar environments. The results will 1 arXiv:1912.09839v1 [astro-ph.IM] 20 Dec 2019 be useful not only for interpreting astronomical spectra and understanding astrophysical processes, but also for more general studies of gas-surface chemistry. This paper presents a new experimental approach based on a combination of a chirped-pulse Fourier transform microwave spectrometer detection and a low temperature surface desorption experiment. The experimental set-up is benchmarked on the desorption of ammonia ice detected by high-resolution gas phase microwave spectroscopy.
Introduction
Ices in dense molecular clouds, in protostellar envelopes and in protoplanetary disks are at the origin of the complex organic molecules (COMs) that cannot be created via gas phase reactions. These COMs originate from a few simple molecules observed in interstellar ices, such as H 2 O, NH 3 , CH 4 , CO, CO 2 , and they give us a great insight in the astrochemical processes at work in the different regions they are observed in. Of particular interest is, of course, their formation pathway in star forming regions. 1, 2 Vibrational spectral analysis of observed interstellar ice IR spectra has enabled the unambiguous identification of at least six molecules (and some of their isotopologues) as well as tentative detection of several others. 3 Compared to pure gas phase spectra, ice bands are broad, with significant spectral overlapping, which make their assignment and subsequent molecule identification difficult and limited. In addition, absorption of IR radiation by the terrestrial atmosphere makes ground-based observatories not suitable for ice spectroscopy and satellite or airborne telescopes must be used. As a result far more molecules, about 200, have been detected in the gas phase by radio astronomy 4 than have been found in the solid state.
In the laboratory, âĂĲsolidâĂİ COMs have been typically synthesized in molecular ices using the main triggers of grain surface chemistry at work in interstellar and circumstellar environments, such as thermal processing, UV and X-ray irradiation, atom, ion, proton, and electron bombardment (for review see [5] [6] [7] . Recently, an alternative route of COMs formation -implying dust grain surface chemistry âĂŞ has been experimentally demonstrated. 8 The two main laboratory methods for studying molecules produced in surface or bulk reactions are solid state Fourier transform infrared (FTIR) spectroscopy and gas phase mass spectrometry (MS). FTIR spectrometers combine many advantages such as multiplex recording, broadband coverage, and easy wavelength calibration. Mass spectroscopy has a very high sensitivity, with typical limit of detection 10 12 molecules m −2 s −1 and capable of reading partial pressures down to ∼ 10 −13 mbar 9 . These methods have been used in a huge amount of studies on the modelling of astrophysically relevant surface and solid-state processes (see the review papers mentioned above and references therein).
However, these methods have limitations. At smaller wavenumbers, in the terahertz frequency range, which is the range of many ground-based observatories (e.g. Nobeyama, LMT, IRAM 30m, ALMA) the signal to noise of the FTIR spectrometers is limited due to the low power density of the thermal radiation source. In addition, IR spectral bands are weak and broad, often overlapping with more intense bands corresponding to reactant species. The main problem of MS is the low mass resolution of most of the mass spectrometers typically used. In addition, in standard MS experiments it is not possible to distinguish between molecules of the same mass, or isomers of the same molecule. This has been recently overcome by fragment-free tunable single photon vacuum ultraviolet photoionization in combination with reflectron time-of-flight mass spectrometry; 10 however, this method is not widely available. More fundamentally, the MS techniques are limited to the solar system, and most of the ISM studies rely on photometric or spectroscopic observations. Solar system missions, such as Cassini-Huygens 11 and Rosetta, 12 used mass spectrometry but so far the identification of complex molecules has been limited. 13 However, an impressive result was a first unambiguous detection of glycine in extraterrestrial medium, found in the coma of comet 67P/Churyumov-Gerasimenko. 14 The problems of the FTIR and MS methods mentioned above do not exist in highresolution spectroscopy in the microwave (MW), millimeter-wave (MMW), and terahertz (THz) spectral regions. High-resolution laboratory spectra can be directly compared to spectra observed by ground-based radio observatories and give unambiguous information on the molecular composition and structure of molecules. In addition, some astronomically relevant COMs, known to be produced in solid, are not stable at room temperature in the gas phase. A possibility to obtain their spectroscopic signatures is to synthesize these molecules in interstellar ice analogues and detect them above the surface of ice immediately after their release into the gas phase. There is, to the best of our knowledge, only one very recent example of gas phase high-resolution spectroscopy used in studies of interstellar ice analogues 15 . The setup is based on a broadband high-resolution THz spectrometer that allows observations of spectra of desorbed molecules, H 2 O and CH 3 OH, directly above the ice surface.
In this paper, we discuss an innovative approach for the laboratory study of "solid" molecules -a combination of a low temperature solid state experiment and gas phase highresolution spectroscopy. This combination should eliminate the existing limitations of laboratory measurements of molecules, especially COMs, generated in cosmic ice analogues. The approach is aimed at measurements of high-resolution gas phase spectra of important astronomically relevant molecules known to be formed in the solid state for which there are no spectral reference data available -for example, NH 2 COOH 16 , NH 2 CH 2 OH, 17 HOCH 2 OH, 18 19, 20 We present here proof-of-principle measurements and calculations based on the thermal desorption of ammonia ice detected by a chirped-pulse Fourier transform microwave spectrometer.
Experimental part
The set-up developed in the I. Physical Institute of the University of Cologne is a combination of a chirped-pulse Fourier transform (CP-FTMW) spectrometer 21 and a U-shaped waveguide as a molecular cell mounted in a high-vacuum chamber (10 −6 mbar at room temperature and 10 −6 mbar at 20 K), where it can be cooled to cryogenic temperatures (down to 20 K). The ice sample is deposited onto the waveguide inner walls and molecules desorbed are detected inside the cold waveguide by the CP-FTMW spectrometer. The U-shaped waveguide is mounted to the cold head, as shown in Fig. 1 . It is a Ku band waveguide (WR-62), machined in split block technique from two copper pieces, which are tightly screwed.
Each half has a 42.0 mm length and width and a 7.9 mm height. The waveguide curvature has a 52.0 mm outer diameter and a 36.2 mm inner diameter. It has a volume of 19.1 cm 3 and an inner surface of 72.6 cm 2 . The inner surfaces are mechanically polished. A DT-670 silicon diode (Lakeshore Inc.) measures the temperature with a 0.5 K accuracy on the outer part of the waveguide as schematized in Fig. 1 .
The CP-FTMW technique has been developed by Brooks PateâĂŹs group, 22 as an improvement of the Fourier transform microwave technique, 23 and it has been regularly improved since then 24-28 working now not only in the MW but also in the MMW and THz spectral regions. The spectrometer in Cologne operates in a frequency range from 2 to 50 GHz 21 obtained by mixing a variable frequency of a microwave synthesizer with a chirp of a linear frequency sweep of 1 GHz generated by an arbitrary waveform generator, following recent developments, 25 and was used in the present study in the frequency range around 24
GHz. The microwave pulse is broadcasted into the waveguide. Molecules under study, which transitions are falling into the chosen frequency range, are polarized by the chirped pulse and undergo a broadband free induction decay (FID), which is received by an antenna, amplified, down-converted and digitized by a fast broad bandwidth oscilloscope. Phase-synchronized repetition is used for phase coherent averaging of the signal in the time domain. An averaged spectrum is then fast Fourier transformed into a frequency domain spectrum. Typical parameters used in the experiments presented here were a 700 nanoseconds chirped pulse width, a 1 GHz frequency span, and 1000 averaged scans, which represents about 2 second acquisition time.
We benchmarked our experimental set-up recording the inversion spectrum of desorbing ammonia ice. The NH 3 gas (purity 5.5) was first prepared in a primary pumped vacuum The waveguide temperature is measured by a Si-diode. The vacuum pressure is measured both in the chamber and in the gas inlet line. The MW radiation is injected at one end of the waveguide and the free induction decay (FID) of the molecules studied is detected at the other end. Inset: photograph of the cooled waveguide inside the main chamber (dashed line zone).
injection line at a pressure of a few mbar measured by a capacitance vacuum gauge. The gas was inserted through a 1.0 mm diameter inlet hole in the waveguide connected to the gas inlet line by a teflon tube for thermal decoupling. The gas was injected in the cold waveguide at a pressure of 10 −6 mbar for few tens of seconds (which also deposits water and other gases as pollutants), and subsequently frozen on the inner surface of the waveguide.
The amount of material frozen in the waveguide can be determined by the injection time and the dosing pressure; in practice by following the pressure in the dosing line as a function of time and assuming a sticking coefficient of one. Supposing that the injected molecules are uniformly deposited over the 72.6 cm 2 inner surface of the waveguide, the number of molecules was converted into surface coverage, with an assumption of 10 15 molecules per cm 2 per monolayer (ML). Vacuum gauges give only a rough estimate, the thickness was also calibrated by integrating the microwave line intensities during the molecular desorption.
After the deposition, the waveguide temperature was linearly ramped to room temperature in a temperature programmed desorption (TPD) experiment with the ramp rate of 0.4 K min −1 . The spectrum of the desorbing species was acquired during the temperature ramp using the CP-FTMW spectrometer. The intensity of the molecular spectrum was a measure for the amount of gas present in the waveguide. The ice sublimation was therefore monitored by the gas specific spectral features and by the pressure gauge on the setup.
Results
The CP-FTMW spectrometer was used, for the first time, to obtain TPD data on ice molecules resembling those in the interstellar medium that were released to the gas phase.
The inversion spectrum of thermally desorbed ammonia molecules deposited on the walls of the waveguide at 20 K was monitored as the waveguide was warmed up at a constant rate.
The inversion spectrum NH 3 is caused by the tunneling of N atom through the plane of three H atoms resulting in a splitting of the energy levels. Thus, each rotational state, described by the rotational quantum numbers J and K, gives rise to a transition in the inversion spectrum. A frequency span of 1 GHz allowed recording four inversion transitions of ammonia in a single data acquisition: (J,K) = (1,1) at 23694.4955MHz, (2,2) at 23722.6333MHz, (3, 3) at 23870.1292MHz, and (4,4) at 24139.4163MHz. Figure 2 shows the inversion spectrum of Figure 3 .
The onset of desorption in our TPD curves is shifted compared to the literature mass spectroscopy data, 29 where the TPD curve of NH 3 peaks at about 95 K and no signal is observable above 105 K. However, previous FTIR measurements showed a slow (on an hour timescale) desorption of NH 3 ice at 100, 103, and 105 K. 30 Thus, our results are more in agreement with. 30 One can see zeroth-order kinetics of desorption in the coverage range Typically, the first relates to the multilayer desorption and second to the desorption of individual molecules or monolayer desorption. Thus, one could expect first-order desorption kinetics in the whole coverage range presented here. A shift of the transition point to thinner ice samples can be explained by the fact that in our experiments molecules desorb not from an opened surface when they are immediately pumped out, but are confined in the waveguide with a limited pumping capacity 31, 32 . The gas flow rate from the waveguide has been measured by initially filling the waveguide with NH 3 at room temperature and recording the pressure decay rate. The leak rate of the overall waveguide system to the main chamber resulted in a pumping speed of 5×10 3 L/s. This may explain also a slight shift of the desorption temperature. This temperature shift should be decreased by a more efficient pumping, either by using a more powerful main chamber pump or by increasing the waveguide opening to the main chamber. Another explanation for the temperature shift is the presence of water pollution in the NH 3 ice. A delayed desorption due to the wetting on a water surface has already been observed for H 2 CO 33 .
We fitted the microwave TPD curves (except 0.4 ML) with the zeroth-order Polanyi- 
where N is number of molecules, T âĂŞ temperature, β âĂŞ ramp rate, ν 0 âĂŞ preexponential factor, and E des âĂŞ desorption energy. Fixing the pre-exponential factor to 10 12 s −1 , we obtained E des = 31.6 ± 0.1 kJ mol −1 , which is in a reasonable agreement with the value of 25.6 kJ mol −1 obtained by FTIR spectroscopy 30 taking into account different experimental procedures of two experiments.
To quantify the sensitivity of our set-up, we filled both the chamber and the waveguide with a defined pressure of NH 3 . A fast pressure equilibrium between the waveguide inner volume and the vacuum chamber was obtained by removing the teflon tube between the gas inlet line and the waveguide section. The pressure was read from the pressure gauge of the main vacuum chamber. We monitored the intensity of the (3,3) line, which is the most intense line at room temperature in the given frequency range. The NH 3 pressure was decreased until the (3,3) line intensity reached the 3σ limit as displayed in Figure 4 . This was obtained for c.a. 6×10 −6 mbar. Within the ideal gas approximation, 6×10 −6 mbar corresponds to 3×10 12 molecules in 19.1 cm 3 of the waveguide or about 5 picomoles.
From Figure 4 we derived a conversion factor of 1. The microwave signal is linear to the quantity of molecules. The slope change observed near 10 −4 mbar corresponds to switching between the Pirani gauge and the cold cathode Penning gauge. The 3σ limit of the signal sets the sensitivity limit of the set-up to 6 10 −6 mbar or 5 picomoles.
Discussion
With a picomol sensitivity, our set-up, compared with mass spectrometry techniques 9 , has the advantage of providing broadband, 1 GHz, molecular spectra of desorbing volatiles, additionally selected from their desorption energies. The high sensitivity comes both from the use of a waveguide, which confines the electric field, and the use of the CP-FTMW technique, which enables a multiple integration of spectra due to the possibility of a phase reproducible excitation. With a 72.6 cm 2 inner surface of the waveguide, considering 10 15 molecules cm −2 per monolayer, one ice monolayer coating will provide 100 nanomoles inside the waveguide, which is five orders of magnitude more than the detection limit. Scaling to a smaller dipole moment of a molecule (e.g. 0.1 D compared to 1.4718 D for NH 3 ) and taking into account that solid-state reactions usually have a low yield, on the order of a percent, we are still two orders of magnitude above the detection limit. Moreover, the sensitivity can be further increased by increasing the integration time and the power of the microwave excitation. Thus, our set-up should be sensitive enough to study rotational spectra of complex organic molecules formed in the solid state and released into the gas phase. Due to the spectral broadness of the microwave pulse, it should be possible to obtain reasonable values for relative line intensities recorded in a single data acquisition. However, first, the intensity of the microwave power should be calibrated. To do this, a number of effects, such as chirped pulse duration, 35 edge effects, 36 sideband gains, and frequency-and temperature-dependent losses in the waveguide, have to be taken into account. This task was out of the borders of the study presented here.
In the experimental set-up we developed the use of a waveguide greatly increases the detection sensitivity, which is critical for the analysis of COMs. However, it has a number of limitations, most significantly the number of different triggers of surface reactions leading to the formation of COMs. The main triggers of grain surface chemistry in interstellar and circumstellar environments are thermal processing, UV irradiation, cosmic ray bombardment, and atom bombardment. Only thermal processing can be studied in our set-up with the waveguide in its current configuration. Thermal processing is very important particularly in protostellar envelopes and protoplanetary disks leading to the formation of many COMs 5 .
However, our set-up could be improved to enable VUV irradiation or atom/ion bombardment of the ice surface. For example by adding a UV window flange to the waveguide, a UV beam can illuminate the whole waveguide surface to (i.) photo-induce solid-state reactions, (ii.) photo-desorb solid-state species, (iii.) photo-produce gas-phase radical that may physisorb on the cold waveguide surface. Another solution is to make one part of the waveguide movable and fix it on a translator. In such a configuration, ice will be deposited onto one half of the waveguide and irradiated/bombarded. After that, the waveguide will be closed to the second half using a translator without breaking the vacuum in the chamber and TPD -chirped pulse experiments will be performed. In all these cases, rotational spectroscopy characterization of the desorbed molecules has lots of advantages with respect to mass spectrometry.
Conclusion
We present a new laboratory experimental approach aimed at high-resolution spectroscopic measurements of molecules produced in interstellar ice analogues and released into the gas phase. Temperature programmed desorption of NH 3 ice deposited on the walls of a waveguide at 20 K was followed by recording the microwave inversion spectrum of ammonia using a chirped-pulse Fourier transform spectrometer. The results presented show a clear perspective of the approach for the gas phase detection of complex organic molecules produced in interstellar and circumstellar ice analogues.
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